H-, N-, and K-Ras are isoforms of Ras proteins, which undergo different lipid modifications at the C terminus. These post-translational events make possible the association of Ras proteins both with the inner plasma membrane and to the cytosolic surface of endoplasmic reticulum and Golgi complex, which is also required for the proper function of these proteins. To better characterize the intracellular distribution and sorting of Ras proteins, constructs were engineered to express the C-terminal domain of H-and K-Ras fused to variants of green fluorescent protein. Using confocal microscopy, we found in CHO-K1 cells that H-Ras, which is palmitoylated and farnesylated, localized at the recycling endosome in addition to the inner leaflet of the plasma membrane. In contrast, K-Ras, which is farnesylated and nonpalmitoylated, mainly localized at the plasma membrane. Moreover, we demonstrate that sorting signals of H-and K-Ras are contained within the C-terminal domain of these proteins and that palmitoylation on this region of H-Ras might operate as a dominant sorting signal for proper subcellular localization of this protein in CHO-K1 cells. Using selective photobleaching techniques, we demonstrate the dynamic nature of H-Ras trafficking to the recycling endosome from plasma membrane. We also provide evidence that Rab5 and Rab11 activities are required for proper delivery of H-Ras to the endocytic recycling compartment. Using a chimera containing the Ras binding domain of c-Raf-1 fused to a fluorescent protein, we found that a pool of GTP-bound H-Ras localized on membranes from Rab11-positive recycling endosome after serum stimulation. These results suggest that H-Ras present in membranes of the recycling endosome might be activating signal cascades essential for the dynamic and function of the organelle.
concerted action of different proteins such as guanine nucleotide exchange factors, which stimulate the GDP release from GDP-loaded Ras allowing the binding of the most abundant GTP and GTPase-activating proteins (GAPs), 3 which enhances the intrinsic GTPase activity of Ras (4, 5) .
There are three ubiquitous isoforms of Ras proteins, namely H-Ras, N-Ras, and K-Ras4B, referred as K-Ras for the rest of this work. These proteins are more than 90% homologues, and their functions are not redundant (6) . Knock-out mice of the K-ras gene are not viable, whereas deletions of the N-ras and H-ras genes have no observable side effects (7) (8) (9) (10) . In addition, distinct signal outputs from different Ras isoforms (11) and different potencies of their corresponding activated alleles for oncogenic transformation (12) have been identified.
It is widely assumed that the association of Ras proteins with membranes, particularly with the inner leaflet of the plasma membrane, is necessary and sufficient for the proper function of these proteins (13) . The association of these proteins with membranes is a consequence of their post-translational lipid modification. The polypeptide sequence of all Ras isoforms contains a C-terminal CAAX motif (where C represents cysteine, A is aliphatic, and X is any other amino acid), which is first modified in the cytosol with a farnesyl anchor to the cysteine residue, and then the AAX sequence is cleaved by an endopeptidase associated to the cytosolic surface of the endoplasmic reticulum and, finally, the farnesylated cysteine is carboxymethylated (6) . Depending on the Ras isoform, a second signal of membrane anchor is present immediately to the farnesylated cysteine. H-Ras is dually palmitoylated at cysteine residues 181 and 184, whereas N-Ras is palmitoylated at cysteine residue 184 (6) . Conversely, K-Ras is not further lipid-modified but contains a polybasic domain (six contiguous lysine residues) with binding capacity to phospholipid headgroups of lipid bilayers (14, 15) . The CAAX motif and the second signal (palmitoylation or the polybasic domain) are essential for efficient attachment of Ras proteins to membranes, in particular plasma membrane (13).
As described above, different functions have been attributed to Ras proteins. It has been recognized that Ras isoforms are capable of activating different effectors, thus affecting different signaling pathways (2, 3, 16) . Because transmembrane receptors and Ras proteins are mainly localized in plasma membrane, one plausible explanation for these results is that they are localized in different plasma membrane microdomains (17) , which are formed by the lateral segregation of lipids based on their dissimilar biophysical properties (18, 19) . The differential activities of Ras proteins can be also explained if they are localized in different membrane subcompartments (20) . In this sense, it has been demonstrated that intracellular pools of H-Ras localized in membranes of endoplasmic reticulum and Golgi apparatus become active when cells are stimulated with epidermal growth factor (21, 22) .
Despite it becoming apparent that subcellular distribution of Ras isoforms is important for proper function, the underlying mechanisms of intracellular transport and distribution of these proteins are poorly understood. K-Ras, after it is synthesized in the cytosol and post-translationally modified in the endoplasmic reticulum, can reach the plasma membrane by a desorption-absortion mechanism. This mechanism is driven by the negative electrostatic potential of the plasma membrane, which is enriched in anionic lipids such as phophatidylserine (inner leaflet) and sialic acid-containing glycolipids and glycoproteins (outer leaflet) (23) . Conversely, the current data suggest that H-Ras, and probably N-Ras, are transported to different subcompartments by vesicular traffic (24 -26) or by a nonvesicular pathway involving a constitutive de-/reacylation cycle (27, 28) .
In the present work, we have investigated the membrane association, subcellular distribution, and intracellular trafficking of H-and K-Ras proteins in Chinese hamster ovary (CHO)-K1 cells. By using confocal microscopy and biochemical analysis, we demonstrate that H-Ras, at steady state, localized at the recycling endosome in addition to the cytoplasmic leaflet of the plasma membrane. In contrast, K-Ras mainly localized at the plasma membrane. Interestingly, we found that sorting signals of H-and K-Ras are contained within the C-terminal domain of these proteins and that palmitoylation on this region of H-Ras might operate as a dominant sorting signal for proper subcellular localization of this protein. Using selective photobleaching techniques and time lapse fluorescence microscopy, we demonstrate the dynamic association of H-Ras to the recycling endosome. We also found that Rab5 and Rab11 activities are required for delivery of H-Ras to this organelle. Using a chimera containing the Ras binding domain of c-Raf-1 fused to a fluorescent protein, we demonstrate that H-Ras can be activated (GTP-bound state) at the Rab11-positive recycling endosome after proper stimulation. This evidence supports roles for novel signaling pathways regulated by H-Ras in membranes from recycling endosome.
EXPERIMENTAL PROCEDURES
Plasmids-The expression vectors pECFP-N1, pEYFP-N1, pECFP-C1, pEYFP-C1, and pEGFP-F, a plasmid encoding green fluorescent protein (GFP)-H-Ras C20 , were from Clontech. Expression plasmids for CFP-K-Ras C14 and N13 GAP43-YFP were generated by synthesizing complementary oligonucleotides and cloned in BglII/EcoRI sites of pECFP-C1 or HindIII/BamHI sites of pEYFP-N1. Plasmids encoding YFP-H-Ras full and YFP-K-Ras full were kindly supplied by M. Philips (New York University School of Medicine). The glycosylphosphatidylinositol (GPI)-YFP fusion construct was kindly supplied by P. Keller (Max-Plank Institute, Dresden, Germany). GFP-Rab11 fusion proteins were provided by M. Colombo (Universidad Nacional de Cuyo, Mendoza, Argentina). GFP-Rab5 and GFP-Dyn2K44A fusion proteins were kindly supplied by J. Bonifacino (NICHD, National Institutes of Health, Bethesda, MD). RBD HA-CFP was generated by PCR amplification of the sequence encoding amino acids 51-131 of c-Raf-1 and later insertion in the NheI/SalI sites of pECFP-N1. Sequences of the oligonucleotides used for the different constructs are available on request.
Cell Lines, Cell Culture, and DNA Transfections-The following CHO-K1 cell clones were used: wild type CHO-K1 cells (ATCC) and clone 5, a stable cell line that expresses CFP-H-Ras C20 . Cells were maintained at 37°C in 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and antibiotics. Cells were transfected with 0.6 -1.2 g/35-mm dish of expression plasmids using Lipofectamine (Invitrogen) according to the manufacturers' recommendations. 24 h after transfection, cells were labeled with endocytic markers or washed with cold phosphate-buffered saline (PBS), harvested by scrapping, and lysed as indicated below or washed with PBS and fixed for immunofluorescence microscopy.
Subcellular Fractionation-Cells were washed with cold PBS and harvested by scraping. Extracts were centrifuged at 10,000 rpm for 5 min and resuspended in 400 l of PBS in presence of 5 g/ml aprotinin, 0.5 g/ml leupeptin, 0.7 g/ml pepstatin (PBS-protease inhibitor mixture, PBS-PIC). Pellets were dispersed by vortex, each for 10 min, and after 30 min, they were passed 20 times through a 25-gauge needle. After 60 min of treatment, nuclear fractions and unbroken cells were removed by centrifugation at 2,000 rpm, and supernatants were ultracentrifuged for 1 h at 100,000 ϫ g at 4°C, using a TLA 100.3 rotor (Beckman). The supernatant (S fraction) was removed, and the pellet (P fraction) was resuspended in 400 l of PBS-PIC for subsequent Western blotting. Proteins from S and P fractions were precipitated with chloroform/ methanol (1:4, v/v). The pellets were resuspended in Laemmli buffer (29) and subjected to SDS-12% PAGE and Western blotting.
Hydroxylamine Treatment-Homogenates from a stable cell line that expresses CFP-H-Ras C20 were treated with 1 M hydroxylamine or 1 M Tris (control) for 3 h at room temperature as previously described (30) . Samples were resolved by SDS-PAGE, and the expression of CFP-HRas C20 was analyzed by Western blot as indicated below. The acylation state was analyzed by changes in the electrophoretic mobility of the recombinant proteins.
Triton X-114 Partition Assay-S and P fractions were solubilized for 1 h at 4°C in 1% Triton X-114. Then samples were incubated at 37°C for 3 min and then centrifuged at 12,000 rpm. The aqueous upper phase and detergent-enriched lower phase were separated and extracted again with detergent and aqueous solutions, respectively. The four resulting samples were adjusted to equal volumes, and detergent content and proteins were precipitated with chloroform/methanol previous to Western blot analyses.
Electrophoresis and Western Blotting-Proteins were resolved by electrophoresis through 12% SDS-PAGE gels under reducing conditions and then electrophoretically transferred to nitrocellulose membranes for 80 min at 300 mA. Protein bands in nitrocellulose membranes were visualized by Ponceau S staining. For immunoblotting, nonspecific binding sites on the nitrocellulose membrane were blocked with 5% nonfat dry milk or with 2.5% bovine serum albumin (BSA), 2.5% polyvinyl pyrrolidone 40 in Tris-buffered saline (200 mM NaCl, 50 mM Tris-HCl, pH 7.5). Anti-GFP polyclonal antibody (Roche Applied Science) was used at a dilution of 1:1000. Bands were detected by protein A coupled to horseradish peroxidase combined with the chemiluminescence detection kit (ECL plus Western blotting detection system; Amersham Biosciences) and Hyperfilm MP films (Amersham Biosciences). The relative contribution of individual bands was measured using the computer software Scion Image on scanned films of low exposure images.
Endocytosis of Alexa-conjugated Transferrin-To label the endocytic recycling compartment, CHO-K1 cells grown in coverslips were incubated in Dulbecco's modified Eagle's medium, 0.1% BSA for 1 h in a CO 2 incubator and then labeled in identical conditions with Alexa 594 -or Alexa 633 -human transferrin (14 g/ml). After the labeling, cells were shifted to 4°C, washed tree times with PBS plus 0.1% BSA, and finally washed with PBS before paraformaldehyde fixation (30 min at 4°C).
Immunofluorescence Microscopy-Cells grown in coverslips were washed twice with PBS, fixed in 3% paraformaldehyde at 4°C for 30 min, washed with PBS, permeabilized with 0.1% Triton X-100, 200 mM glycine in PBS (10 min at 4°C), and incubated in PBS plus 3% BSA for 1 h at 37°C to block nonspecific binding sites. Coverslips were then incubated overnight at 4°C with primary antibodies, washed five times with PBS plus 1% BSA, and exposed to secondary antibodies for 90 min at 37°C. The primary antibodies were rabbit polyclonal anti-calnexin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) diluted 1:200, rabbit polyclonal anti-mannose-6-phosphate receptor (M6PR) diluted 1:150, and rabbit polyclonal anti-mannosidase II (from K. Moremen, University of Georgia, Athens, GA) diluted 1:300. Secondary antibodies were Alexa 546 -conjugated goat anti-mouse antibodies (Santa Cruz Biotechnology), diluted 1:1000, or rhodamine-conjugated donkey anti-rabbit antibody (Jackson InmunoResearch), diluted 1:700. After final washes with PBS plus 1% BSA, coverslips were mounted in FluorSave (Calbiochem).
Confocal Microscopy and Image Acquisition and Processing-Confocal images were collected using a Carl Zeiss LSM5 Pascal laser-scanning confocal microscope. Excitation wavelengths and filter set for GFP, YFP, CFP, and rhodamine were described previously (31) . Images from cells coexpressing GFP-and YFP-tagged fluorescent proteins were acquired using a CFP filter set to capture GFP fluorescence and 514-nm laser line (excitation) and a 560-nm long pass filter (emission) to capture YFP fluorescence. Images of fixed cells (no quantitative purposes) were taken using 63 ϫ 1.4 numerical aperture (Plan-Apochromat, Zeiss) or 100 ϫ 1.4 numerical aperture (Plan-Apochromat; Zeiss) objectives and the confocal pinhole of the microscope set to obtain an optical slice of 0.8 m.
Images of living cells in fluorescence recovery after photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP) experiments were acquired with a 20 ϫ 0.5 numerical aperture (Plan Neofluoar, Zeiss) objective and the confocal pinhole of the microscope set fully open. Selective photobleaching of YFP was carried out on a Zeiss LSM510 META laser-scanning confocal microscopy (Instituto Milenio de Estudios Avanzados en Biología Molecular y Biotecnología, Facultad de Ciencias, Santiago, Chile) using 500 consecutive scans with a 514-nm laser line (18 milliwatts). Living cells were held at 37°C in a 5% CO 2 atmosphere during image acquisition.
All images were processed for output purposes using Adobe Photoshop software. Fluorescence quantification in selected regions of interest was carried out using MetaMorph 4.5 software. All measurements of mean fluorescence intensity were background-corrected by subtracting the mean fluorescence of an area void of cells. When required in FRAP experiments, images were corrected for partial photobleaching during image acquisition.
A kinetic model for transport of YFP-H-Ras to recycling endosome was developed to obtain the t1 ⁄ 2 of fluorescence recovery in this organelle. As a first approximation, this model includes two compartments (recycling endosome and plasma membrane) where Ras is located. First order differential equations were set for describing the exchange between these compartments. Protein synthesis and degradation were not included in the model, because both the short time duration of the recovery process and treatment with cycloheximide for 6 h did not alter the ratio of mean fluorescence associated with recycling endosomes and mean fluorescence in the rest of the cell. The exponential part of the recovery process was utilized to fit the model, and nonlinear regression analysis was performed using Microcal Origin software.
Biotinylation of Plasma Membrane Proteins-Plasma membrane proteins were labeled using EZ-link N-hydroxysulfosuccinimide-SS-Biotin reagent (Pierce) according to the manufacturer's instructions. Briefly, cells were gently rinsed with Dulbecco's modified Eagle's medium and then incubated with 1.3 mg/ml EZ-link in culture medium at 4°C for 30 min. Finally, cells were rinsed three times with 0.1% BSA in PBS in order to quench reactive N-hydroxysulfosuccinimide ester groups.
Sucrose Density Gradient-Subcellular fractionation using a step flotation gradient was performed using a previously described method with few modifications (32, 33) . Cells cultured in a 60-mm Petri dish were rinsed, gently scraped in PBS-PIC, and centrifuged for 5 min at 500 ϫ g at 4°C. The pellet was then resuspended in 1 ml of homogenization buffer (250 mM sucrose, 3 mM imidazole, pH 7.4) containing protease inhibitors and centrifuged at 1,200 ϫ g for 10 min. The sediment was then resuspended in 200 l of homogenization buffer containing 0.5 mM EDTA and passed 20 times through a 25-gauge needle. Under these conditions, more than 90% of cells were disrupted while nuclei remained intact as determined by double labeling with both a permeable (Hoescht 33258; Molecular Probes, Inc., Eugene, OR) and impermeable (Sytox green; Molecular Probes) DNA dyes. A postnuclear supernatant was obtained by sequential centrifugation at both 1,200 ϫ g (10 min) and 1,500 ϫ g (5 min). Then the postnuclear supernatant was adjusted to 50% (w/v) sucrose. 100 l of this suspension was loaded on 225 l of 62% sucrose in 3 mM imidazole, 0.5 mM EDTA in a TLS-55 centrifugation tube (Beckman) and then sequentially overlaid with 375, 800, 500, and 200 l of 40.6/35/25 and 8.6% (w/v) sucrose, respectively. The gradient was centrifuged at 135,000 ϫ g for 130 min at 4°C. After centrifugation, 20 fractions were collected from the bottom using a fraction collector. Proteins in each fraction were precipitated by the addition trichloroacetic acid to a final concentration of 10%. The protein pellet was collected by centrifuging at 15,000 ϫ g at 4°C during 30 min for later SDS-PAGE analysis.
RESULTS

The C-terminal Sequences of H-Ras and K-Ras Target a Soluble Protein to Plasma Membrane and Intracellular
Compartments-To investigate the implication of lipid modifications of Ras proteins in membrane association and subcellular distribution in CHO-K1 cells, constructs were engineered to express the C-terminal domains of human H-and K-Ras fused to GFP and its spectral variants (CFP or YFP).
Initially, the C-terminal 20 amino acids (KLNPPDESGPGCMSCK-CVLS) of H-Ras were fused to the carboxyl terminus of YFP (YFP-HRas C20 ), whereas the C-terminal 14 amino acids (KKKKKKSKT-KCVIM) of K-Ras were fused to the carboxyl terminus of CFP (CFP-KRas C14 ). To evaluate the expression of these fusion proteins, CHO-K1 cells were transiently transfected with the corresponding DNA constructs. The expression of the chimeric proteins was confirmed by Western blotting with an antibody directed to the fluorescent protein.
The antibody detected YFP-H-Ras
C20 as a band of ϳ28 kDa and CFP-K-Ras C14 as a band of 27.5 kDa. Soluble YFP was revealed as a band of the expected molecular mass (27 kDa) (Fig. 1A) .
To evaluate whether the fusion proteins are associated to membranes of CHO-K1 cells, cells expressing YFP or YFP-H-Ras C20 or CFP-KRas C14 were mechanically lysed, and the corresponding homogenates were centrifuged at 100,000 ϫ g (Fig. 1B) . As expected, more than 95% of YFP was recovered in the soluble fraction. By the contrary, YFP-H-Ras C20 and CFP-K-Ras C14 were found mainly associated with the particulate fraction (95 and 70%, respectively), strongly suggesting a membrane association. As a control, we analyzed membrane association of GPI-YFP protein, a fusion protein containing the total sequence of YFP fused to a GPI attachment signal (34) . As expected, more than 91% of GPI-YFP was found mainly associated to the membrane fraction.
To discard an association of YFP-H-Ras C20 and CFP-K-Ras C14 with insoluble components like cytoskeleton, nuclear remnants, or extracellular matrix, we performed the Triton X-114 partitioning assay, which has been used to monitor the extent of post-translational lipid modifications of prenylated proteins (35, 36) (Fig. 1C) . YFP was found to partition completely into the aqueous phase, according to its hydrophilic nature. In contrast, 81 and 56% of YFP-H-Ras C20 and CFP-K-Ras C14 , respectively, partitioned into the detergent phase of Triton X-114, indicating that a fraction of the expressed proteins are hydrophobic and therefore that YFP-H-Ras C20 and CFP-K-Ras C14 have been post-translationally modified by lipidation. As expected, the control GPI-YFP was found to partition almost completely into the detergent phase. Palmitoylation of YFP-H-Ras C20 was further confirmed by cleavage of thioester-linked fatty acids by hydroxylamine treatment (supplemental Fig.  1 ). We conclude that YFP-H-Ras C20 and CFP-K-Ras C14 are correctly expressed and acylated in CHO-K1 cells and mainly associated to the membrane fraction of these cells.
To further characterize membrane association and compare subcellular distribution of YFP-H-Ras C20 and CFP-K-Ras C14 , CHO-K1 cells transiently expressing the fusion proteins were fixed and visualized by confocal microscopy. As controls, we also included the analysis of YFP and GPI-YFP subcellular distributions. As shown in Fig. 1D , both YFP-H-Ras C20 and CFP-K-Ras C14 proteins were associated with plasma membrane, which is in agreement with the subcellular distribution observed for the untagged full-length version of these proteins (24) , indicating that the carboxyl sequences of H-and K-Ras used in this work are sufficient to associate these proteins with membranes and to permit these constructs to be delivered to plasma membrane. Conversely, soluble YFP was mainly located in the cytosol and nucleus, as previously showed by others (37) . The subcellular distribution of the GPI-YFP, a detergent-resistant membrane (DRM)-associated protein, included a pool at the cell surface and another one with a juxtanuclear distribution, identified as recycling endosome (data not shown) (38) .
Besides the plasma membrane, YFP-H-Ras C20 was also significantly associated with a perinuclear structure (Fig. 1D) , in opposition to CFP-K-Ras C14 that was associated mainly to plasma membrane with no sig- , or GPI-YFP were mechanically lysed, and the homogenates were centrifuged at 100,000 ϫ g. The supernatant (S) was removed, and the pellet (P) was resuspended in lysis buffer. Ectopic proteins both in supernatant and pellet fractions were determined by Western blot as indicated in A. C, Triton X-114 partitioning assays. Homogenates from CHO-K1 cells transiently expressing YFP or P fractions from CHO-K1 cells expressing YFP-H-Ras C20 or CFP-KRas C14 or GPI-YFP were incubated with 1% Triton X-114 for 1 h. Then samples were incubated at 37°C for 3 min to induce phase separation. The aqueous phase (A) and detergent-enriched phase (D) were separated, and proteins were precipitated with chloroform/methanol previous to Western blot analysis using anti-GFP. D, subcellular location of YFP, YFP-H-Ras C20 , CFP-K-Ras C14 , and GPI-YFP in CHO-K1 cells. The expression of the recombinant proteins was examined by their intrinsic fluorescence using confocal microscopy. Scale bars, 20 m. nificant labeling of intracellular structures. This phenotype was evident in more than 60% of the cells. These results strongly suggest that the different intracellular distribution of these constructs at steady state depends on molecular signals present in the C-terminal polypeptide of H-and K-Ras or on post-translational modifications occurring on this region.
At Steady State, Most GFP-H-Ras C20 Is Not Associated with Organelles from the Exocytic Pathway-Previously, it was demonstrated by immunofluorescence and immunoelectron microscopy that the fulllength versions of N-Ras and H-Ras transit the exocytic pathway to arrive at the plasma membrane (24, 25) . As a consequence and under proper conditions, it is possible to visualize a "transit pool" of these proteins associated with organelles from the exocytic pathway such as endoplasmic reticulum, Golgi complex, or trans-Golgi network (24, 25) .
In an effort to identify the juxtanuclear compartment to which GFP-H-Ras C20 binds at steady state, we performed an extensive colocalization with markers of organelles (Fig. 2) . No colocalization was observed between GFP-H-Ras C20 and calnexin, an endoplasmic reticulum marker. GFP-H-Ras C20 was found colocalizing to a minor extent with mannosidase II, a medial Golgi marker, and with M6PR, a marker of the trans-Golgi network and late endosomes (Fig. 2) . The colocalization of GFP-H-Ras C20 with M6PR observed on vesicular structures probably represents late endosomes, because no colocalization was observed between GFP-H-Ras C20 and GalNAc-T-YFP, a trans-Golgi networkresident protein in CHO-K1 cells (39) . Overall, these results show that, at steady state, most of GFP-H-Ras C20 is not associated with organelles from the exocytic pathway in CHO-K1 cells. Fig. 2 that the perinuclear compartment, which binds GFP-H-Ras C20 , is not the Golgi complex. Since the pericentriolar recycling endosome is localized as a perinuclear structure in CHO-K1 cells and Ras proteins could be efficiently endocytosed, we hypothesized that this protein could be associated with this compartment instead of the Golgi complex, as was previously observed for N-Ras in other cells (24, 25) . To corroborate our hypothesis, we performed colocalization experiments of CFP-H-Ras C20 with endocytosed human transferrin, a marker of recycling endosomes (40) . Thus, CHO-K1 cells stably expressing CFP-H-Ras C20 were incubated with Alexa 594 -transferrin, fixed, and visualized by confocal microscopy (Fig. 3A) . Results clearly indicate a substantial overlapping of CFP-H-Ras C20 with transferrin in a perinuclear compartment, demonstrating that a significant fraction of CFP-H-Ras C20 expressed in at the recycling endosome during the cycloheximide treatment at 2, 4, and 6 h in relation to that observed at t ϭ 0 h (percentage of initial level). C, CHO-K1 cells transiently expressing YFP-H-Ras C20 and Gal-T2 1-52 -CFP were labeled with 14 g/ml Alexa 633 -transferrin (Alexa 633 -TF) for 1 h. Then brefeldin A (2 g/ml; ϩBFA) or methanol (ϪBFA) were add to culture medium, and cells were further incubated at 37°C during 30 min. Triple color imaging of single fixed CHO-K1 cells were taken with filters for Cy5, YFP, and CFP (first, second, and third CHO-K1 cells was present in recycling endosomes. We also observed an extensive colocalization between H-Ras C20 and Rab11, an established recycling endosome marker (see Fig. 6, third row) . The fraction of the perinuclear labeling of CFP-H-Ras C20 that does not overlap with transferrin would be associated with late endosome (see Fig. 2 ) or to different recycling endosome membranes, because it was suggested, on the basis of cellubrevin and endocytosed transferrin juxtanuclear localization, that these compartments may be subdivided into distinct populations (41).
A Fraction of CFP-H-Ras C20 Expressed in CHO-K1 Cells Is Present in the Pericentriolar Recycling Endosome-It was demonstrated in
It was recently described that recycling endosome can serve as intermediates during the transport from Golgi complex to plasma membrane (42) . To test whether the recycling endosome pool of H-Ras C20 is dependent on the flux of newly synthesized protein, YFP-H-Ras C20 -expressing CHO-K1 cells were incubated with cycloheximide (an inhibitor of protein synthesis) during 2, 4, and 6 h, and the ratio of mean fluorescence associated with recycling endosomes and mean fluorescence in the rest of the cell was calculated at different times (Fig. 3B) . The inhibitory effect of cycloheximide on YFP-H-Ras C20 synthesis was clearly demonstrated by Western blot experiments (supplemental Fig.  2) . However, the relative recycling endosomes fluorescence of H-Ras and the number of cells expressing H-Ras at the recycling endosomes did not significantly change during the experiment, suggesting that the location of CFP-H-Ras C20 in the organelle is independent on the flux of newly synthesized protein.
In order to conclusively rule out any association of H-Ras C20 with Golgi membranes, cells were treated with brefeldin A, which causes a redistribution of the proximal Golgi to the endoplasmic reticulum and cessation of vesicle formation (43) . Under these conditions, brefeldin A did not have any effect on the distribution of YFP-H-Ras C20 in the perinuclear organelle (Fig. 3C) . As a control of brefeldin A action, we analyzed the effect of this fungal metabolite on the redistribution of Gal-T2 (proximal Golgi resident) into the endoplasmic reticulum (44) . Additionally, we also examined the distribution of H-Ras in sucrose density gradients (Fig. 3D) . Basically, homogenates from CHO-K1 cells coexpressing CFP-H-Ras C20 , wild type GFP-Rab11 (recycling endosome marker) (45) , and Gal-T2-HA (Golgi complex marker) (31) were subjected to discontinuous sucrose density gradient, ultracentrifugation, fractionation, and detection of the H-Ras and protein markers by Western blotting. Recycling endosome membranes were mainly distributed along fractions 14 -16, as indicated by the presence of the recycling endosome marker Rab11 (Fig. 3D, second row) , whereas Golgi membranes peaked in fractions 11-14, as indicated by the presence of the marker Gal-T2-HA (Fig. 3D, third row) . A densitometric analysis of Western blots is shown in supplemental Fig. 3 (C and D) . The pool of Gal-T2-HA associated to fractions 1-6 was found to codistribute with GRP78/BiP, an endoplasmic reticulum marker (supplemental Fig. 3A,  second row) . Clearly, most of CFP-H-Ras C20 (Fig. 3D , first row) did not codistribute with membranes of the Golgi complex but largely codistributed with recycling endosome membranes. Plasma membrane-enriched fractions mostly distributed along fractions 1-5 and 14 -20, as indicated by the presence of cell surface biotinylated-proteins (supplemental Fig. 3A, first row) .
Full-length H-and K-Ras Distribute in a Similar Fashion as CFP-HRas
C20 and CFP-K-Ras C14 , Respectively, in CHO-K1 Cells-The possibility was taken into consideration that molecular signals absent in the truncated Ras proteins (H-Ras C20 and K-Ras C14 ) could be necessary for a proper subcellular localization of both proteins. To explore this possibility, CHO-K1 cells were cotransfected with plasmids coding for CFP-H-Ras C20 and YFP-H-Ras full , the full version of H-Ras, or with CFP-K-Ras C14 and YFP-K-Ras full , the full version of K-Ras. As shown in Fig. 4A , there was an extensive colocalization between full-length H-Ras and its truncated counterparts both in recycling endosome and plasma membrane. In results not shown, we detected colocalization of the perinuclear pool of YFP-H-Ras full with endocytosed transferrin, but no colocalization between YFP-H-Ras full and endoplasmic reticulum or Golgi complex markers was observed. On the other hand, the fulllength version of K-Ras localized, like its respective truncated counterparts (Fig. 1D) , at the plasma membrane (data not shown).
These experiments strongly suggest that molecular signals for proper subcellular localization of Ras proteins are present in the C-terminal polypeptide of these proteins and/or on post-translational modifications occurring on this region (palmitoylation, farnesylation, methyl esterification).
GAP-43, a Dually Palmitoylated Protein, Also Localizes in Plasma Membrane and the Pericentriolar Recycling Compartment-After the determination of the subcellular localization of H-and K-Ras in
CHO-K1 cells, we sought to further characterize the molecular signal involved in the differential distribution of these proteins. As described in the Introduction, an evident difference between H-and K-Ras is that the former protein is dually palmitoylated, whereas in K-Ras the diacylation is substituted by a polylysine motif. To investigate whether protein dipalmitoylation confers localization to recycling endosome in CHO-K1 cells, we investigated the subcellular distribution of a hybrid protein containing the N-terminal 13 amino acids (MLCCMRRT-KQVEK) of Mus musculus GAP-43 linked to YFP ( N13 GAP-43-YFP). GAP-43 binds membranes via palmitoylated cysteine residues at positions 3 and 4 (37, 46) .
To characterize the intracellular compartments to which N13 GAP-43-YFP binds, we performed colocalization with appropriated markers of organelles (Fig. 4B) . Undoubtedly, N13 GAP-43-YFP was mainly associated to plasma membrane and, to a lesser extent, to a perinuclear structure. Colocalization of N13 GAP-43-YFP was observed neither with GalNAc-T-CFP nor with mannosidase II (Golgi markers) and was found colocalizing to some extent with M6PR, suggesting a localization of N13 GAP-43-YFP in late endosomes. To further characterize the perinuclear compartment, which binds N13 GAP-43-YFP, we performed colocalization experiments of this with endocytosed transferrin, a marker of recycling endosomes. Results shown in Fig. 4B (lower panels) clearly indicate colocalization of N13 GAP-43-YFP with transferrin, demonstrating that N13 GAP-43-YFP expressed in CHO-K1 cells was present in recycling endosomes besides to plasma membrane. In addition, N13 GAP-43-YFP and CFP-H-Ras C20 were mainly associated with low density fractions after extraction with 0.5 M Na 2 CO 3 and sucrose gradient analysis, indicating that these proteins might be targeted to similar lipid environments (supplemental Fig. 4) . Taken together, these findings suggest that dipalmitoylation might represent a dominant signal for targeting of both N13 GAP-43-YFP and CFP-H-Ras C20 to recycling endosome.
The Pool of YFP-H-Ras full Associated to the Pericentriolar Compartment Is Dynamic and Exchangeable with the Pool Associated to Plasma Membrane-To address if the pool of YFP-H-Ras
full present in recycling endosomes exchanges with YFP-H-Ras full on the plasma membrane, FRAP experiments were performed. To that end, the recycling endosome was photobleached by confocal laser microscopy, and the region was then monitored for fluorescence recovery. The experiment was done in cells where protein synthesis had been inhibited by cycloheximide treatment. The FRAP experiment was carried out on multiple (n ϭ 6) cells to determine the kinetics of this recovery process. A typical FRAP experiment is shown in Fig. 5 , A and B. In this cell, prior to photobleaching, YFP-H-Ras full appears as a single bright spot associated with the recycling endosome (Fig. 5A, left panel) . Following focal irradiation, this fluorescence was considerably reduced (0 min). Subsequently, the fluorescence began to rapidly reappear in the recycling endosome via recruitment of YFP-H-Ras full (see at 5 and 15 min). A quantification of this recovery process is shown in Fig. 5B . Results show that upon bleaching, the fluorescence signal in the recycling endosome area was reduced to ϳ55% of its original level. During the recovery process, the recycling endosome spot regained ϳ90% of its original signal intensity via influx of YFP-H-Ras full to this organelle. This process, which probably occurs through two different rates, showed an apparent t1 ⁄ 2 of ϳ60 s. A plausible explanation to explain this bimodal behavior in the fluorescence recovery might be the faster arrival to recycling endosomes of a pool of H-Ras molecules localized in sorting endosomes, followed of a later influx of H-Ras from the plasma membrane pool. Results of these experiments demonstrate the dynamic nature of YFP-H-Ras full trafficking to the recycling endosome from plasma membrane in CHO-K1 cells. It should also be mentioned that in experiments not shown, YFP-H-Ras C20 behaved as the full-length version of H-Ras fused to YFP.
Having demonstrated that YFP-H-Ras full traffics to the recycling endosome, we assessed efferent trafficking away from the recycling endosome using FLIP experiments. Repetitive photobleaching of a small area of the plasma membrane eliminated YFP-H-Ras full fluorescence from the entire plasma membrane pool and gradually depleted the recycling endosome pool to 70% of its initial fluorescence intensity (Fig. 5, C  and D) . In each assay, data were also collected from an adjacent nonirradiated control cell (Fig. 5, C and D, reference cell) . Results of these FLIP experiments demonstrate that the recycling endosome-associated YFP-H-Ras full traffics out of this organelle. Overall, the results of the FRAP and FLIP experiments demonstrate the dynamic nature of YFP-H-Ras full association with recycling endosome from CHO-K1 cells.
Effect of Rab5 and Rab11 on the Delivery of H-Ras to the Recycling
Endosome-Early endosome function requires the GTPase Rab5, and expression of the GDP-bound form of Rab5 (S34N mutant) perturbs both early endosome activity and transferrin uptake (47) . In cells coexpressing GFP-Rab5S34N and YFP-H-Ras C20 , delivery of H-Ras fluorescent protein to the recycling endosome was affected (Fig. 6, A and B) . The results were quantified by scoring the number of transfected cells that showed YFP-H-Ras C20 at the recycling endosome. Approximately 26% of the cells transfected with GFP-Rab5S34N showed loss of YFP-H-Ras C20 targeting to the recycling endosome. As a control, we examined the effect of GFP-Rab5S34N mutant on transferrin transport to the recycling endosome. We found that expression of GFP-Rab5S34N mutant significantly inhibited the transferrin transport to the recycling endosome (data not shown). Additionally, we observed that the expression of the GTPase-defective form of Rab5 (Rab5-Q79L) caused a redistribution of YFP-H-Ras full and YFP-H-Ras C20 to Rab5-Q79L-positive enlarged endosomes (results not shown). Previously, Roy et al. (26) described a similar redistribution of GFP-H-RasG12V, but no wild type H-Ras, when baby hamster kidney cells were induced to express MycRab5-Q79L. These results strongly suggest that Rab5 activity is partially required for delivery of YFP-H-Ras C20 from the plasma membrane to the recycling endosome.
Rab11 is a Ras-related small GTPase, which has been shown to regulate the delivery of proteins both from the trans-Golgi network to the plasma membrane and in endocytic processes (48) . In experiments not shown, we demonstrate that in CHO-K1 cells the wild type form of Rab11 is observed both in a perinuclear region of the cells and dispersed throughout the cytoplasm. Later experiments demonstrate that the perinuclear expression of wild type Rab11 was found colocalizing with recycling endosome markers and with YFP-H-Ras C20 , which suggests a possible role in controlling traffic into or out of this compartment. Taking these antecedents into consideration, we attempted to explore if Rab11 activity is required for trafficking of YFP-H-Ras C20 between plasma membrane and recycling endosome or vice versa. Expression of the wild type form of Rab11 did not perturb the subcellular distribution of YFP-H-Ras C20 in CHO-K1 cells (Fig. 6, third row) . In contrast, CHO-K1 cells expressing the dominant negative of Rab11 (GFPRab11S25N) showed a significant reduction (55%) in the number of cells expressing YFP-H-Ras C20 at the recycling endosome (Fig. 6, A and B) . Interestingly, CHO-K1 cells coexpressing both the dominant negative of Rab5 (Rab5S34N) and Rab11 (Rab11S25N) showed a marked reduction (66%) in the number of cells expressing H-Ras at the recycling endosome. Taken together, these results clearly indicate that Rab5 and Rab11 are involved in the transport of YFP-H-Ras C20 from the plasma membrane to the recycling endosome. Additionally, we investigated if the expression of dominant-negative form of dynamin (Dyn2K44A), an inhibitor of clathrin-dependent processes, affects the recycling endosome localization of YFP-H-Ras C20 . Thus, CHO-K1 cells were transiently cotransfected with plasmids encoding YFP-H-Ras C20 and GFPDyn2K44A. After 24 h, the percentage of cells expressing H-Ras at the recycling endosome was evaluated. Clearly, the expression of Dyn2K44A did not affect the recycling endosome localization of H-Ras in CHO-K1 cells (Fig. 6B) , albeit uptake and transport of transferrin to this perinuclear compartment was significantly reduced (data not shown).
H-Ras Activation on Membranes of the Recycling Endosome-Ras activation has been successful assayed by detection of its GTP-bound state (active form) with a chimera containing the Ras binding domain (RBD) of c-Raf-1 (6, 21, 49) . Thus, to analyze the subcellular distribution of GTP-H-Ras in CHO-K1 cells, we have engineered a construct containing the N-terminal domain of c-Raf-1 (amino acids 51-131), which contains the RBD, fused to the N-terminal of CFP (RBD 51-131 HA-CFP). A nanopeptide epitope (YPYDVPDYA) of the viral hemagglutinin (HA) was incorporated between the RBD and CFP to facilitate the detection of the fusion protein. When CHO-K1 cells were transiently transfected to express RBD HA-CFP protein, the reporter protein homogeneously distributed in the cytosol and nucleus (Fig. 7) , which was indistinguishable from that of the fluorescent protein expressed alone (see Fig. 1D ). To explore the functionality of RBD HA-CFP protein, CHO-K1 cells were doubly transfected to coexpress RBD HA-CFP and GTP-bound H-RasG12V (T24 clone) (50) . Clearly, RBD HA-CFP became associated with a juxtanuclear structure (Fig. 7) when untagged oncogenic H-Ras was coexpressed. Under comparable conditions, it was described that a similar fluorescent reporter colocalizes with markers of Golgi complex in COS-1 (21) . On the other hand, we have showed in this report that H-Ras localizes in a perinuclear structure identified as recycling endosome in CHO-K1 cells (see Fig. 3A ). To explore whether RBD 51-131 HA-CFP is able to detect and colocalize with active YFP-H-Ras full in recycling endosome from CHO-K1 cells, both proteins were coexpressed, and the cells were maintained in a serumfree medium during 22 h. Then, cells were stimulated with 20% serum, and the subcellular localization of the fusion proteins was analyzed by confocal microscopy. Results show that there was a clear recruitment of RBD HA-CFP to recycling endosome, colocalizing with YFP-HRas full , in contraposition with the homogeneous distribution of RBD 51-131HA-CFP in nonstimulated cells (Fig. 7) . The pattern of RBD 51-131HA-CFP recruitment to recycling endosome was observed in more than 50% of cotransfected cells showing a perinuclear expression of YFP-H-Ras full . A fraction of the reporter was also detected in ruffles from plasma membrane. When expressed alone, RBD 51-131 HA-CFP was detected in the cytosol and nucleus after serum stimulation (Fig. 7,  second row) . This result suggests that the reporter does not possess the required sensibility to detect the activation of endogenous Ras on any membrane, even after serum stimulation. In summary, these results show that YFP-H-Ras full expressed on membranes of the recycling endosome can be present in its active form (GTP-bound state). However, the activation state does not appear to be an essential requirement for proper sorting to recycling endosome, because GFP-H-Ras C20 (unable to be loaded with GTP) and YFP-H-Ras full in nonstimulated cells are also present in the juxtanuclear organelle.
DISCUSSION
Membrane targeting of Ras GTPases is determined by post-translational modifications of the C-terminal CAAX motif and secondary membrane-targeting sequences adjacent to the CAAX box (24) . It is widely accepted that targeting of different Ras proteins to distinct subdomains on the plasma membrane or to diverse intracellular compartments may form the basis for specificity in Ras signaling (20) . Works from the Hancock laboratory (25) demonstrated that H-and K-Ras traffic to the cell surface through different routes and that the polybasic domain is a sorting signal diverting K-Ras out of the classical exocytic pathway. On the other hand, Ras proteins that lack a polybasic domain reach the Golgi complex but require palmitoylation in order to traffic further to the cell surface (25) .
The endocytic system comprises diverse organelles that are morphological and functionally distinct (51): the sorting endosomes, tubularvesicular structures that have a key role in sorting material for recycling or degradation; the endocytic recycling compartment, a collection of tubular organelles that can sort molecules to Golgi complex but mainly to the plasma membrane; and the late endosomes, a heterogeneous collection of compartments that no longer receive a direct input of vesicles that have pinched off from the plasma membrane (it is here that endocytosed materials first meet the lysosomal hydrolases, which are delivered to the endosome from the Golgi apparatus).
In this report, we demonstrate that H-Ras, but not K-Ras, is selectively recruited to recycling endosome from CHO-K1 cells. Previous papers had reported the expression of H-Ras in a juxtanuclear region suggested to be the Golgi complex. Thus, Choy et al. (24) showed in COS-1 and CHO cells that both endogenous and overexpressed H-Ras have a perinuclear pattern of expression similar to that of the more extensively characterized Golgi-associated N-Ras. Later, in baby hamster kidney cells, H-Ras was detected by immunoelectron microscopy in Golgi complex possibly in transit to the plasma membrane (25) . More recently, it was also found by confocal microscopy that GFP-tagged H-Ras expressed in COS-1 cells colocalized with Golgi complex marker in a GTP-bound independent process (21) . In this work, we demonstrate that the pool of H-Ras localized in recycling endosome from CHO-K1 cells did not require continuous input of newly synthesized H-Ras protein, since the treatment of the cells with a inhibitor of protein synthesis did not significantly affect the H-Ras pool present in the perinuclear organelle. Last, we cannot directly exclude the possibility that the pool of newly synthesized H-Ras molecules en route to the plasma membrane pass through the recycling endosome, as was recently described for vesicular stomatitis virus glycoprotein G in Madin-Darby canine kidney cells using an AP-1B-dependent route (42) . Nevertheless, it was also suggested for the same authors that this putative mechanism might not be prevalent in nonpolarized CHO cells, which do not express AP-1B clathrin adaptor complex.
Our results also suggest that palmitoylated Cys residues present in H-Ras could represent a molecular signal for its targeting to recycling endosome, since a similar subcellular location (plasma membrane and recycling endosome) was also observed for a fusion protein containing the N-terminal 13 amino acids of GAP-43, which is palmitoylated at Cys-3 and Cys-4. Supporting these results, it was recently described that the specific subcellular distribution of H-Ras and GAP-43 depends on a constitutive de-/reacylation cycle (28) . Both GAP-43 and H-Ras are known to be associated with lipid raft or DRM (34, 46) obtained from whole lysates (supplemental Fig. 4) . Moreover, targeting of proteins to an ordered lipid environment has been proposed to function in intracellular sorting (52) . Further work will be required to define how critical the association or exclusion of these acylated proteins to DRM is for their sorting to recycling endosome and the precise intracellular place where this segregation occurs.
Using FRAP and FLIP techniques, we have analyzed the dynamic behavior of H-Ras. We found that H-Ras undergoes continuous internalization and transport to recycling endosome, followed by recycling back to plasma membrane. These results suggest that, at steady state, both the plasma membrane and the recycling endosome pool of H-Ras are constantly and rapidly exchanging. In cells expressing Rab5S34N, which interferes with vesicular transport to early endosomes, delivery of 
